Carboxylic acids, anhydrides, and ketones are the major products in the asphalt. The aging of asphalt improves the resistance to moisture damage. Interface MD models were generated to simulate the mechanism of moisture damage. The purpose of this study is to investigate the moisture susceptibility of nano hydrated lime (NHL) modified asphalt mixtures and determine the fundamental factors of moisture damage in asphalt mixtures using the molecular dynamics (MD), as well as analyze the effect that the aging of asphalt binders has on the moisture damage in asphalt mixtures. The NHL was added to the control asphalt to make NHL modified asphalt. The modified asphalt was mixed with aggregates to form NHL modified asphalt mixtures. The tensile strength ratio (TSR) test was used to evaluate the moisture susceptibility of asphalt mixtures. When the TSR test was done, different solutions were used to extract the polar groups from the tested asphalt mixtures, and the polar groups were analyzed using Fourier Transform Infrared Spectroscopy (FTIR) attenuated total reflection (ATR). When asphalt oxidizes, the six functional groups (ketones, carboxylic acids, anhydrides, aldehydes, amides and esters) with the carbonyl group can be found in the polar part of asphalt based on FTIR ATR spectral data and references. The polar groups with the carbonyl group also indicate the oxidation extent of asphalt binders. The FTIR test results indicate that carboxylic acids and ketones were the primary aging products in asphalt, and these two carbonyl groups relate to the rutting resistance and moisture susceptibility of asphalt mixtures. Furthermore, the MD interface systems of asphalt-aggregate and aggregate-water were created, as well as the separated systems (asphalt, water, and aggregates). The essential mechanisms for the moisture susceptibility of asphalt mixtures were explored with MD simulations. The potential energies of the interface systems and each separated system were computed to obtain the adhesion energies of the interface MD models. The differences in adhesion energy between the asphalt-aggregate and aggregate-water systems show that water tends to bond to the aggregate rather than the asphalt. This also explains the displacement of water that occurs in asphalt mixtures when there is moisture damage. In addition, the effect of asphalt aging on the moisture susceptibility of the asphalt mixture was also analyzed using MD interface models. The MD results demonstrate that the aging group in asphalt is helpful in reducing the moisture damage in asphalt mixtures.
a b s t r a c t
The purpose of this study is to investigate the moisture susceptibility of nano hydrated lime (NHL) modified asphalt mixtures and determine the fundamental factors of moisture damage in asphalt mixtures using the molecular dynamics (MD), as well as analyze the effect that the aging of asphalt binders has on the moisture damage in asphalt mixtures. The NHL was added to the control asphalt to make NHL modified asphalt. The modified asphalt was mixed with aggregates to form NHL modified asphalt mixtures. The tensile strength ratio (TSR) test was used to evaluate the moisture susceptibility of asphalt mixtures. When the TSR test was done, different solutions were used to extract the polar groups from the tested asphalt mixtures, and the polar groups were analyzed using Fourier Transform Infrared Spectroscopy (FTIR) attenuated total reflection (ATR). When asphalt oxidizes, the six functional groups (ketones, carboxylic acids, anhydrides, aldehydes, amides and esters) with the carbonyl group can be found in the polar part of asphalt based on FTIR ATR spectral data and references. The polar groups with the carbonyl group also indicate the oxidation extent of asphalt binders. The FTIR test results indicate that carboxylic acids and ketones were the primary aging products in asphalt, and these two carbonyl groups relate to the rutting resistance and moisture susceptibility of asphalt mixtures. Furthermore, the MD interface systems of asphalt-aggregate and aggregate-water were created, as well as the separated systems (asphalt, water, and aggregates). The essential mechanisms for the moisture susceptibility of asphalt mixtures were explored with MD simulations. The potential energies of the interface systems and each separated system were computed to obtain the adhesion energies of the interface MD models. The differences in adhesion energy between the asphalt-aggregate and aggregate-water systems show that water tends to bond to the aggregate rather than the asphalt. This also explains the displacement of water that occurs in asphalt mixtures when there is moisture damage. In addition, the effect of asphalt aging on the moisture susceptibility of the asphalt mixture was also analyzed using MD interface models. The MD results demonstrate that the aging group in asphalt is helpful in reducing the moisture damage in asphalt mixtures.
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Introduction
The oxidation hardens the asphalt and increases the viscosity of the asphalt. The exposure to ultraviolet radiation (UV), oxygen, and heat due to nature are the main causes of asphalt aging. The carbonyl and sulfoxide groups increase in the asphalt as oxidation occurs. The carbonyl groups include ketones, carboxylic acids, anhydrides, aldehydes, amides and esters. During the aging of asphalt, the aromatic components of the asphalt agglomerated and caused a reduction in the mobility and reactivity of the asphalt [1] [2] [3] . An earlier study on asphalt aging with oxygen focused on http://dx.doi.org/10.1016/j.conbuildmat.2015. 10 .087 0950-0618/Ó 2015 Elsevier Ltd. All rights reserved.
the relationship between the properties of asphalt and the extent of oxidation. Asphaltene is the main component that affects the viscosity of asphalt [4] . Oxidation increased the spatial variations of asphalt on the nanoscale. The aging of asphalt also increased the adhesive and cohesive strengths of the asphalt in the early aging state. This indicates that the resistance to rutting and the moisture susceptibility in asphalt mixtures improved. However, the adhesive and cohesive strengths of the asphalt were not enhanced after aging with the pressure aging vessel (PAV). The micromechanical properties of asphalt were determined by the asphaltene content and the size of the microstructures [5] . In addition, some modifiers have an anti-aging performance, such as crumb rubber with styrene-butadiene-styrene (SBS), and nanomaterials [6, 7] .
Modified asphalt binders have been widely used in road construction to improve the performance of pavement. Researchers have been searching for innovative materials to improve the performance of asphalt binders and asphalt mixtures. The use of non-modified nanoclay (NMN) and polymer modified nanoclay (PMN) in the control asphalt binder improved the complex shear modulus (G ⁄ ) and viscosity [7] [8] [9] . The micro-or nano-sized materials (nanoclay and carbon microfiber) improved the moisture susceptibility of the modified asphalt mixtures or decreased the potential of moisture damage [10] . The recycled asphalt pavement (RAP) was also used to reduce the moisture susceptibility of the hot mix asphalt (HMA) and warm mix asphalt (WMA) [11] [12] [13] . In accordance with the literature review [14] [15] [16] [17] [18] , hydrated lime improved the moisture susceptibility of asphalt mixtures. The addition of the hydrated lime allowed for the precipitation of calcium ions onto the aggregate surface, making it more favorable to the asphalt binder and improving the binder-to-aggregate adhesion [19, 20] . The hydrated lime was either added into the asphalt directly or into the asphalt mixtures as filler, and both ways were shown to improve the resistance to moisture damage and frost, as well as a resistance to chemical aging [16] . That was the motivation to select the nano hydrated lime (NHL) in this study. Molecular mechanics is when classical mechanics (Newtonian mechanics) is used to model molecular systems. The appropriate force field is assigned to the molecular systems, and the potential energies of these systems are calculated. The physical movements of atoms and molecules are simulated by the computer program in the molecular dynamics (MD) simulation. These atoms and molecules move and interact to mimic the response to external forces or environments. The MD program, Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [21] , is used to study the interaction between the asphalt and aggregates, as well as the reciprocity between the water and aggregates. Five kinds of MD simulations are usually used to model the different states in the systems, such as microcanonical ensemble (NVE ensemble), canonical ensemble (NVT ensemble), isothermal-isobaric ensemble (NPT ensemble), isoenthalpic-isobaric ensemble (NPH ensemble), and generalized ensembles [22] . The relationship between the asphalt and aggregate was developed, and the asphalt-quartz structure model of the interface was used in the system [23] . The Consistent Valence force field (CVFF_aug) was considered in this simulation to characterize the inter-atom interactions. The shear stress and viscosity were evaluated and acceptable simulation results were obtained using the CVFF_aug force field [23] .
In this moisture susceptibility study of asphalt mixtures, the NHL was used to improve the moisture damage in the asphalt mixtures. The polar groups in the NHL modified and control asphalt binder were extracted from the damaged asphalt mixtures and analyzed. The aging effect of asphalt was evaluated on the water damage in asphalt mixtures. The fundamental mechanism of moisture damage in the asphalt mixtures was explored with the MD simulation.
Research objectives
The objectives of this study are to analyze the effect aging of the NHL modified asphalt binders has on the moisture damage in asphalt mixtures, and to understand the fundamental factors or chemical groups in the asphalt, which link to the moisture susceptibility of asphalt mixtures. The functional groups with the carbonyl group in the asphalt can be found to relate to the water damage of asphalt mixtures. The six functional groups (ketones, carboxylic acids, anhydrides, aldehydes, amides and esters) containing the carbonyl group in the asphalt were demonstrated and studied. Furthermore, the molecular dynamics were applied to analyze the relationships and interactions of three interface systems: asphaltaggregate system, aggregate-water system and aggregate-asphalt with the carboxylic acid (aging group), as well as the impact of asphalt aging on the moisture damage in asphalt mixtures.
Materials and experimental design

Chemistry of carbonyl groups
During asphalt oxidation, the six functional groups with the carbonyl group are formed including carboxylic acids, aldehydes, amides, anhydrides, esters, and ketones. (1) Carboxylic acid in the organic compound consists of a carboxyl group (C (O) OH) and R (the rest of the molecules) [24] , and it is easily detected and identified by the FTIR. Carboxylic acid is a weak acid and can only donate H + cations [25] . (2) Ketones are the organic components with the structure of RC (@O) R 0 , where the R and R 0 are the hydrocarbon groups. They do not have a reactive group due to their structures [25] . The ketone carbon is often demonstrated as being ''sp 2 hybridized" (electron and molecular structures), and ketones are trigonal and planar around the ketonic carbons. The ketones are different from the functional groups with a carbonyl group, such as carboxylic acids, amides, and esters [26] . (3) Anhydrides consist of two acyl groups (RCO-, carbonyl and alkyl groups) connected to the oxygen atom in the acid anhydrides [24] . It is also a reactive acyl group, so it can produce carboxylic acid and acetate esters [27] . 4) Aldehydes are also an organic group with the structure R-CHO. This structure is called the formyl group when the R is replaced by H. The sp 2À hybridized and planar carbon connects oxygen with a double bond. The aldehydes and carboxylic acids can be produced from the oxidations of alcohol, and they are polar groups [24, 28, 29] . (5) Amides are a group with the structure R n EO x NR 0 2 , where E represents different elements and n and x denote the number of atoms [24] . Amide can be the hydrogen bond acceptor and donor, due to the carbonyl bond. This characteristic of the hydrogen bond acceptor and donor also makes it soluble in water [30] . (6) Esters are chemical compounds with the structure RCO 2 R 0 , where R and R 0 are the hydrocarbons in the organic esters. Esters can be derived from the condensation of the carboxylic acids, such as formate, hexyl octanoate and acetate. The reactions include alcoholysis of acyl chlorides and acid anhydrides, esterification of carboxylic acids, and so on [24, [31] [32] [33] .
Preparation of polar groups in the asphalt
The control asphalt used was a PG 58-28 asphalt binder. Nano hydrated lime (NHL) with a particle size of 100 nm (Fig. 1a) was shipped from, Sha Highland Network Tech Company of China, in Shanghai city. The micro-image of NHL was observed by the field emission scanning electron microscopy (FE-SEM). In Fig. 1b , the NHL materials were agglomerated. The NHL consists of 90% calcium hydroxide, 3% calcium carbonate, 1.5% calcium oxide, 1.5% silicon dioxide and some insoluble matters. The density of NHL is 2.24 g/cm 3 . Amounts of 10% and 20% NHL by weight of asphalt were added to the control asphalt. The NHL material was slowly added into the control asphalt and the modified asphalt binders were blended for two hours in the high shear machine. The asphalt binders and aggregates were blended in the drum mixer and compacted by a Superpave Gyratory Compactor (SGC). Then, the indirect tensile test of asphalt mixtures was performed, and the tensile strength ratio (TSR) of asphalt mixtures was evaluated. When the TSR test was done, the tested samples were immersed and extracted by different solutions. Firstly, the cyclohexane solution was used to extract the nonpolar part of the asphalt in the tested asphalt mixtures. Then, the toluene and ethanol were mixed at a ratio of 9:1 to dissolve the remaining part of the asphalt mixture samples. The non-polar and polar parts of the asphalt were obtained through these steps.
Polar group analysis
Infrared spectrometry (IR) is a useful tool in analyzing the chemical composition and molecular bonds of materials. The Fourier Transform Infrared Spectroscopy (FTIR) is a piece of technical equipment used for detecting the infrared absorption of tested materials with a wide range of wavelengths. The FTIR attenuated total reflection (ATR) was used to test different types of samples [34] . The organic asphalt is composed of 90% carbon and hydrogen, and small amounts of other elements [35] . It is known that six movements in the CH 2 groups are common in organic materials, such as symmetrical stretching, rocking, anti-symmetrical stretching, twisting, scissoring, and wagging [36] . Of these movements, the symmetrical and anti-symmetrical stretching movements are most common in asphalt. The Jasco IRT 3000 FTIR spectrometer was employed to test the samples. The non-polar and polar parts of asphalt were tested by FTIR ATR, and the spectra of samples were analyzed.
Moisture susceptibility test of NHL modified asphalt mixtures
The NHL was slowly added to the PG 58-28 asphalt and the modified asphalt was mixed in the high shear mixer at 135°C and 5000 rpm. Due to the high amount of NHL in the asphalt, the shear speed was increased slightly when the sample was blended. The modified asphalt binders were prepared for the asphalt mixture after about two hours of mixing. The aggregates were also pre-heated for approximately two hours to dry. The gradation 5E3 of aggregates was also used to compact the asphalt mixtures by a SGC. The mixing and compaction temperatures were 150 and 135°C, respectively. Mixing was followed by the Superpave compaction, and the loose asphalt mixtures were heated in the oven (135°C) for at least two hours. The samples were cured at room temperature for at least 72 h after the asphalt mixtures were compacted.
When the asphalt mixtures were ready, the indirect tensile test was conducted and the tensile strength ratios (TSRs) of the control and modified asphalt mixtures were evaluated. The test was based on AASHTO's procedure T283. The air voids were maintained between 6% and 8%. The height of the sample was about 63.5 mm and the diameter was about 100 mm. The thaw cycles were applied to the asphalt mixtures by immersing the sample in the 60°C water for different periods of time. All of the samples were measured, using the Universal Testing Machine (UTM), for the indirect tensile strength and its ratio under the conditions of the room temperature and constant loading rate. These parameters were calculated by Eq. (1), and the results are shown in Fig. 2 .
where S t is the tensile strength (Pa), P is the maximum load (N), t is the sample thickness (mm), D is the sample diameter (mm), TSR is the tensile strength ratio, S 1 is the average dry tensile strength, and S 2 is the average conditioned tensile strength. Fig. 2 shows the tensile strengths of the control and NHL modified asphalt mixtures. The results show that the addition of NHL into the asphalt mixtures decreases the dry tensile strength, as well as the wet tensile strength. The results also coincide with the trend of the reference [15] . However, the TSR of nano hydrated lime modified asphalt mixtures increases slightly. The moisture susceptibility of nano hydrated lime modified asphalt mixtures improves relative to the control asphalt binder from the TSR data. The wet tensile strength of the control asphalt mixture decreases faster than that of hydrated lime modified asphalt mixtures. Meanwhile, the dry tensile strength at 3 days for the hydrated lime modified asphalt mixtures increases compared to the dry tensile strengths at 2 days. This indicates that the addition of the nano hydrated lime delays the moisture damage of modified asphalt mixtures. The calcium ions from the NHL can prevent the displacement of water at the asphalt binder-aggregate interfaces. Seen from the reference [15] , if the hydrated lime was blended with the asphalt prior to the asphalt mixture, it can effectively reduce the moisture damage of modified asphalt mixtures. In addition, the trends of mixing and compaction temperatures of the control and modified asphalt mixtures were followed by the temperatures of the control asphalt mixture. If the mixing and compaction temperatures and the oxidation time of modified asphalt increases, the strengths of modified asphalt mixtures increase more, as expected. This also explains the low values for strengths of the dry and wet NHL modified asphalt mixtures compared to the control mixture.
FTIR sample preparation and characterization results
The asphalt mixture samples were tested by UTM and the tensile strength of the asphalt mixtures was measured. The tested samples were dried at room temperature. Then, a small amount (around 20 g) of the tested samples was soaked in cyclohexane solution (around 100 ml). The non-polar compounds in the asphalt melted in the cyclohexane. The first extraction of the asphalt mixtures was done after the solution was mixed for about half an hour and settled for a half hour. The second extraction of the asphalt mixtures was performed using the solvent (around 40 ml) mixed with toluene-ethanol at a ratio of 9:1. The polar components in the asphalt were absorbed by the solvent, not by the cyclohexane. The solution was also mixed for about half an hour and settled for a half hour. The weights of the samples and solutions were recorded, as well as the non-polar and polar parts of the asphalt. The weight of the polar components of the asphalt comprised less than 2% of the weight of the tested asphalt mixtures.
Functional components in the asphalt
The polar components of the control asphalt were tested at the liquid state by the FTIR ATR. The spectrum data of the polar parts of the control asphalt was analyzed to show the number of carbonyl groups in the asphalt. The evidence of six functional groups with a carbonyl group was found from the spectral images and references. The polar parts of the asphalt in the solution were examined by FTIR ATR, and the FTIR results are shown in Fig. 3 . In addition, the carbonoxygen (C-O) single bond can be observed in the ethanol spectrum [37] [38] [39] . One of the solutions used in the FTIR ATR test was mixed with toluene and ethanol, and the bonding features of toluene and ethanol are shown in the spectra of the solution (Fig. 3) . The features of six functional groups with carbonyl are as follows.
1) There are different types of ketones, such as acyclic, cyclic, a, b-unsaturated, and aryl ketone. The ketones can be detected at a range of 1665-1850 cm À1 [40, 41] , shown in Fig. 3a .
Ketones can reinforce the intensity of the carbonyl group in asphalt at around 1700 cm À1 [2] . They also have a close relationship to the performance of asphalt binders and mixtures [15] [16] [17] 42] . 2) Three bonds, carbon-oxygen double stretching bond (C@O), carbon-oxygen single stretching bond (C-O), and oxygenhydrogen bond (O-H), are observed in carboxylic acid [40, 41] . Fig. 3a shows that the C@O peak of carboxylic acids is detected at a range of 1700-1725 cm À1 [7] in the polar groups of asphalt. Fig. 3b and c demonstrates the peaks of the carbon-oxygen single stretching bond (C-O) and hydroxyl group (O-H) are observed at a range of 1210-1320 and 2500-3300 cm
À1
, respectively. The carboxylic acids in the asphalt were also studied by Campbell [2] , and the results show that carboxylic acids are also aging products of asphalt.
3) Fig. 3a shows that two main carbonyl groups are detected at the bands [40, 41] around 1800-1830 and 1740-1775 cm À1 , respectively. The anhydrides are also produced during the oxidation of asphalt and the two carbonyl groups observed should be anhydrides. A limited anhydrides were observed during oxidation, but large amounts of anhydrides were detected in the long-term aged asphalt [43] . Stronger absorbance appeared at a range of 1740-1775 cm À1 , and this peak area was used to represent the anhydrides in this study. 4) The Refs. [40, 41] display that there are two obvious bonds, carbonyl (C@O) and carbon-hydrogen bonds (C-H), in the aldehydes. The peak of the carbonyl group in the aldehyde is detected at a range of 1720-1740 cm
, as shown in Fig. 3a . It is easy to identify two peaks of carbon-hydrogen bonds of organic materials at a range of 2820-2850 and 2720-2750 cm À1 in Fig. 3c . Campbell studied asphalt oxidation, and the results reveal that the aldehydes also increased the carbonyl absorbance in the oxidized asphalt [2] . , respectively, in the asphalt at the liquid state. Due to the small amount of amide [2] in the asphalt, the amide may not be easily detected.
FTIR results of polar groups in the control and NHL modified asphalt
After identifying the functional groups in the polar parts of the control asphalt, the liquid asphalt samples were dropped into the groove of FTIR and tested by FTIR ATR. The FTIR spectra were recorded with the accumulation of 256 scans, with a resolution of 4 cm À1 . The peak range of functional polar carbonyl groups in the asphalt is demonstrated in Table 1 . The polar compounds were tested by the FTIR ATR at liquid state. The results of the FTIR spectra are shown in Fig. 4 . The carbonyl groups in the polar part of the asphalt were analyzed, and these groups may relate to the performance of the asphalt mixtures [15] . Fig. 4 shows the FTIR spectra of polar compounds in the asphalt at the liquid state. The solvents used were also tested with the FTIR ATR. The FTIR spectra of the control and NHL modified asphalt were compared, and the polar compositions in the asphalt were analyzed. Based on the literature review [15] [16] [17] , the hydrated lime can enhance the adhesion between the aggregate and asphalt. The hydrated lime particles melted in the asphalt and the carboxylic acids/carbonyl groups in the asphalt improved the moisture susceptibility of the asphalt mixtures including the mixture with siliceous aggregates. Compared to the spectra of the solutions, the peaks of the functional polar groups in asphalt were clearly displayed (section: functional group components). The ratios of carbonyl groups in the asphalt were calculated using Eq. (2) During the FTIR sample preparations, it is possible that the concentrations of polar groups in the asphalt were affected by the solutions. However, the trends of these functional groups were not changed. It is likely that the composition produced by the asphalt oxidation may be changed by different conditions. Fig. 5a shows the ratios of functional polar groups in the control and NHL modified asphalt at the dry condition. The amount of anhydride is the highest in the polar groups in the asphalt. If the sum of aryl ketones and a,b-unsaturated ketones are considered as ketones, then, the ketones are the main products in the functional polar groups of asphalt. After the asphalt mixture tests, it is determined that the carboxylic acids in the polar groups of asphalt are also a major part of the asphalt oxidation products. The amount of esters, aldehydes and amides is less than the three primary groups (anhydrides, ketones and carboxylic acids) in the oxidized asphalt. Seen from Fig. 5a , the amounts of functional carbonyl groups in the 20% NHL modified asphalt are more than the control and the 10% NHL modified asphalt. The quantity of carbonyl groups in the 10% NHL modified asphalt is slightly more than that of the control asphalt. The addition of NHL into the control asphalt increases the functional groups in the modified asphalt in the dry condition. Fig. 5b and c reveals the ratios of the functional groups in the control and NHL modified asphalt after 2-and 3-day wet conditions. The amount of carbonyl groups in the 20% NHL modified asphalt is more than those in the control and 10% NHL modified asphalt, and the quantity of carbonyl groups in the 10% NHL modified asphalt is more than that of the control asphalt under the wet condition. The anhydrides, carboxylic acids and ketones are still the leading products during the aging process in the polar asphalt at a liquid state. Considering the TSR results of the control and NHL modified asphalt mixtures, the more polar groups that are in the asphalt, the better the TSR results are. This indicates that asphalt aging under the wet condition helps the asphalt mixture to resist moisture damage, especially the ketones, carboxylic acids, and anhydride in this case. The calcium ions in the NHL modified asphalt may be the reason for the improvement of the moisture damage in the asphalt mixtures.
Therefore, the ketones and carboxylic acids increased more after the oxidation of asphalt, and the anhydrides and amides increased, in this case. The aging groups in the asphalt enhance the resistance to permanent deformation in the asphalt pavement at an earlier stage and also help to improve the moisture susceptibility of asphalt mixtures. Furthermore, the effect of NHL materials on the resistance to moisture damage in asphalt mixtures is positive.
Molecular dynamics (MD) analysis
The bonding strength between the aggregates and the asphalt determines the performance of the rutting resistance and moisture susceptibility in asphalt mixtures [9, 45] . The mechanism of water replacement in the moisture damage in asphalt mixtures is demonstrated in Fig. 6 , from the initiation to the propagation stage. The bonding strength is related to the adhesion energy between the asphalt and aggregates, which varies with the interfacial interactions among asphalt, water, and aggregates. Therefore, the adhesion energy calculation is important to explain the mechanism of moisture distresses in the asphalt mixtures. In this study, the interaction between the asphalt and aggregates, as well as the interaction between the water and aggregates, was first simulated using the molecular dynamics method. Through MD simulations of the potential energies of the interface and individual models, the adhesion energies were computed to explain the cause of moisture damage in asphalt mixtures. The aging effects of asphalt binders were demonstrated for the mitigation of water damage in asphalt mixtures.
When the asphalt and aggregates are mixed, the aggregates are heated in the oven for at least two hours. It is assumed that water on the surface or in the porous holes of the aggregates is vaporized and escapes from the aggregates. This confirms that the water inducing the damage in the asphalt mixtures is from the external environment. The repeated traffic loads and changes in environmental conditions decrease the strength of adhesion between the aggregates and asphalt/asphalt mastic and the cohesive bonding strength within the asphalt binder [46, 47] . It is also assumed that the asphalt mastic consists of the asphalt binder and fine aggregates (aggregate size is normally smaller than 2.36 mm), and the asphalt mastic is in the transition state to form the asphalt mixtures [48, 49] . When the adhesive and cohesive bonds are reduced in the asphalt mixtures, water starts to intrude into the aggregates, and moisture damage in asphalt mixtures develops from the initiation stage to the propagation stage (Fig. 6 ).
In these interface models, the crystal quartz (SiO 2 ) structure is represented as the aggregate in the asphalt mixtures. Based on the Corbett method [35] , the asphalt material is composed of asphaltenes, polar aromatics, naphthene aromatics, and saturates through different absorption and desorption. Based on the references [50, 51] , the asphalt model consists of asphaltenes, saturates, and aromatics at the ratio of 5:41:27, respectively. The structure of asphaltenes in the asphalt model was proposed by Artok et al. [52] and Zhang et al. [53] . These saturates were represented by docosane molecules and the aromatics were replaced by the 1,7-dimethylnaphthalene in the asphalt model from the references [53] [54] [55] [56] . In addition, based on the structure of asphalt components from the references [53] , the aging effects on these components were investigated and one of the aging groups (the carboxylic acid group) was attached in the structure of the components (Fig. 7) . The possible structures of asphaltenes (Fig. 7a) and aromatics ( Fig. 7b) with the carboxylic acid group are proposed and displayed in Fig. 7 . However, the structure of docosane (Fig. 7c) is relatively stable, and it is likely that the docosane is not compatible with other oxidizing agents.
Three interface models among the asphalt, water, and aggregates were created by the Materials Processes and Simulations (MAPS) software with the Amber Cornell Extension Force Field [57, 58] . These interface models include the interaction systems of (1) asphalt-aggregate, (2) aggregate-water, and (3) aggregateasphalt with carboxylic acid (aging group) (Fig. 8) . The density of asphalt in the interface model is around 1.04 g/cm 3 , which matches the physical properties of asphalt. Parts of bond parameters of the Amber Cornell Extension Force Field are from the Amber Cornell Force Field and General Amber Force Field (GAFF) [57, 58] . The system energy formula in the Amber Cornell Extension Force Field is shown in Eq. (9) .
where the first term is the energy between the covalently bonded atoms; the second term is the energy caused by the geometry of electron orbitals; the third term is the energy from twisting a bond; the fourth term is a non-bonded energy from van der Waals and electrostatic energies (atom pairs). r eq and h eq are the equilibrium structural parameters; K r and K h are the force constants; n is the multiplicity and c is the phase angle for the torsional angle parameters; A, B and q are the non-bonded potentials between all atom pairs; and finally, R ij is the distance of atoms and 2 is the well depth for van der Waals energy. In the interaction models, the Electrostatic Potential (ESP) charges were allotted to the asphalt components by using the quantum mechanics module NWChem in the MAPS software [59] . The Conjugate Gradient method and the Particle Mesh Ewald (PME) method were used to optimize the energy of the system. The Conjugate Gradient method was used to optimize the energy in the large and complex systems. The optimization calculation formula is shown in Eq. (10) .
where A is symmetric, positive and real, b is a known coefficient. PME is an Ewald summation for the long-range potential computation in the periodic systems. In the PME method, the longrange part is divided into two sections: short-range and longrange contributions. The calculations of two-part energies are expressed in Eq. (11). where u sr ðrÞ is the short-range term potential energy which quickly converges in the real space, and u lr ðrÞ is the long-range term potential which quickly converges in the Fourier space. Fig. 8 shows the interface MD models of asphalt-aggregate, water-aggregate, aggregate-asphalt with the carboxylic acid group systems. The adhesion energy of each system directly relates to the bonding strength of the system. The adhesion energy of each interface system is computed using Eq. (12) .
where E adhesion is the adhesion energy of the interface system (kcal/mol); E interface is the potential energy of the interface system (kcal/mol); E top is the potential energy of the top layer system, asphalt, or water system (kcal/mol); E substrate is the potential energy of the substrate system, and aggregate system (kcal/mol); A is the area of each interface system (Angstrom 2 ).
To calculate the adhesive energy for the asphalt-aggregate, an interface model with a specific vacuum layer and periodic boundary condition was applied as shown in Fig. 8a . The aggregate model includes a surface layer with the hydroxyl group (-OH) for the following study. The separate aggregate models with the surface function group (-OH) and asphalt model were developed as shown in Fig. 8b and c. The NVT simulation was conducted in three interface systems and in each separate system. The potential energies of these systems were computed and outputted. The energy conversion factor was used to present the adhesion energy (conversion 2) The molecular structures of the aggregate-water system: (d) aggregate-water system; (e) only the water system; and (f) only the aggregate system with functional group OH on the surface layer.
3) The molecular structures of the asphalt-aggregate system with aging groups: (a) aggregateasphalt system with the carboxylic acid group; (b) only the asphalt system with the carboxylic acid group; and (c) only the aggregate system with functional group OH on the surface layer. the carboxylic acid group and two separate systems were developed as shown in Fig. 8g-i . The adhesion energy of the aggregate-asphalt with the carboxylic acid group system was evaluated as À0.151371 J/m 2 .
The different adhesion energies of asphalt-aggregate and aggregate-water systems indicate that the bonding strength between the asphalt and aggregate is lower than the attraction force between aggregate and water. The energy difference is also the reason why water bonds to the aggregates easier than the asphalt in asphalt mixtures. Therefore, coating the aggregates with asphalt is the key process in making asphalt mixture samples or paving asphalt pavement. It is also very important to dry the aggregates prior to mixing. These procedures make sure that water completely vaporizes from the aggregate pores and surfaces. These are also preventive measures/practices to reduce the moisture damage in asphalt mixtures. Furthermore, the energy of adhesion of the aggregate-asphalt (with the carboxylic acid group) system is greater than that of the asphalt-aggregate system. The varying energies of two systems imply that the presence of the aging group in asphalt causes a stronger adhesion force between the asphalt and aggregate. This phenomenon also reasonably interprets that studying the mildly aged asphalt is helpful in improving the water susceptibility of asphalt mixtures.
Discussions and conclusions
The control and NHL modified asphalt were tested by FTIR ATR to analyze the polar groups with carbonyl in the asphalt at a liquid state. Parts of the control and the NHL modified asphalt mixture samples tested by TSR were also used to be extracted by solutions. These solutions contained the polar functional groups that were detected by the FTIR ATR to analyze the carbonyl groups in the asphalt. The mechanical driving forces for water damage between the asphalt-aggregate and aggregate-water systems in asphalt mixtures were explored and discussed using molecular dynamics simulations. Based on the data analysis of the extracted control and the NHL modified asphalt, the following conclusions can be drawn.
1) During the oxidation of asphalt, the resins and maltenes in the asphalt helped to generate polar group components, including carbonyl groups, sulfoxide groups, and nitrogen oxides. Carboxylic acids and ketones were the major products of the oxidized asphalt, which also produces high amounts of anhydrides. The limited amount of amides, esters, and aldehydes in the oxidized and extracted asphalt was detected. Carboxylic acids, ketones and anhydrides are the pivotal components in the asphalt that link to the rutting and moisture resistance in asphalt mixtures, as well as the bonding strength between the asphalt and aggregates. The aging of asphalt definitely improves the resistance to moisture damage in wet environment at an early stage according to these research findings. However, the long-term aging of asphalt causes the degradation of the bonding strength between the asphalt and aggregates, as well as the fatigue life and resistance to moisture. 2) The interface MD models of asphalt-aggregate and aggregate-water systems were generated to simulate the mechanism that produces adhesive energy, and also to mimic the interactions between aggregates and asphalt/ water. The potential energies of each MD interface system and separated systems (asphalt, water, and aggregate) were computed to determine the bonding energy of each system. The difference of adhesive energies between the asphaltaggregate and aggregate-water systems is the fundamental reason for moisture damage in asphalt mixtures. The water tends to adhere to aggregates rather than to asphalt under the same condition. In addition, from investigating the different adhesion energies between the aggregate and asphalt with or without the carboxylic acid group (aging group), the moderately aged asphalt improves the energy of adhesion and, thus, helps resist moisture damage in asphalt mixtures.
With chemical extraction, the polar and non-polar components in the asphalt were separated and analyzed to link the moisture susceptibility of asphalt mixtures with FTIR characterization. Ketones, carboxylic acids and anhydrides are the main compounds present during asphalt oxidation in this study, and these also relate to the performance of the pavement. MD simulations discovered the adhesion energy difference between asphalt-aggregate and aggregate-water systems. The analysis results explain the chemo-physical properties of asphalt related to the moisture damage in asphalt mixtures. In addition, the future research of our group will focus on simulating asphalt aging.
